We fabricate the aluminum-doped zinc oxide (AZO) subwavelength gratings (SWG) on Si and glass substrates by holographic lithography and sequent CH 4 /H 2 /Ar reactive ion etching process. The etch selectivity of AZO over photoresist mask as well as the nano-scale shape is optimized for better antireflection performance. To analyze the antireflective properties of AZO SWG surface, the optical reflectivity is measured and then calculated together with a rigorous coupled-wave analysis. The reflectance spectrum can be considerably changed by incorporating the SWG into AZO film. As the SWG height of AZO on Si substrate increases, the magnitude of interference oscillations in the reflectance spectrum tends to be reduced with the larger difference between its maxima. The use of optimized SWG can significantly reduce the surface reflection of AZO film at the desired wavelengths. The measured reflectance data of AZO SWG are reasonably consistent with the simulation results. No considerable change in transmission characteristics is observed for AZO SWG structures.
Introduction
Antireflection layers have been often used to reduce the reflection of the surface in a certain wavelength range for optical components and optoelectronic devices [1, 2] . Single layer or multilayer thin films allow for antireflective properties due to the destructive interference of optical waves reflected from different interfaces [3] . However, the conventional technique has given rise to material selection issue, thermal expansion mismatch, and interfacial instability in the thin-film stacks [4, 5] . A subwavelength periodic structure with sizes smaller than the light wavelength can lead to the change in refractive index profile between the air to the semiconductor, providing a good thermal stability and durability [6, 7] . Recently, subwavelength gratings (SWG) have attracted considerable interest in optoelectronic device applications such as photovoltaic (PV) cells, photodetectors, and light emitting diodes because they can suppress farily the surface reflection over a wide wavelength range [8] [9] [10] [11] [12] [13] . Although e-beam lithography or nano-imprint lithography has been usually employed to make the nano-sized patterns, holographic lithography is relatively simple, fast, inexpensive, and particularly applicable for large areas [11] [12] [13] .
High-quality transparent conducting oxide (TCO) as window layer and top electrode layer is required for its use in optoelectronic devices. The aluminum-doped zinc oxide (AZO) film with a wide bandgap will be a promising alternative to indium tin oxide as TCO for PV applications because it has many advantages including high thermal stability, low cost, and non-toxicity [14, 15] . The AZO film with thickness above about 0.5 µm is often used because its resistivity is generally decreased with increasing the film thickness [16] . However, the incident light suffers from high reflection at specific wavelengths due to the high refractive index contrast between the AZO and semiconductor materials, thus degrading the device performance. Particularly, an effective light trapping is crucial in thin-film Si solar cells due to a low absorption coefficient. Although an additional antireflection layer, such as Al 2 O 3 , TiO 2 and Si x N y , has been mainly used, the SWG structure has the potential to min- imize the reflection loss as mentioned above [17] . Furthermore, broadband and omnidirectional antireflection coatings are essential in covering a range of the solar spectrum for PV cells [18] .
In this paper, we investigated the structural and optical properties of SWG structure of AZO deposited on Si and glass substrates by optimizing the process conditions using holographic lithography and dry etching in sequence to create the nano-structures. The optical reflectivity was theoretically analyzed by the rigorous coupled-wave analysis (RCWA) simulation.
Experimental details
The schematic diagram of the pattern transfer process steps for the fabrication of the SWG structures of AZO deposited on Si substrate is shown in Fig. 1 . The AZO films were deposited on Si and glass substrates by using RF magnetron sputtering system at room temperature. The ZnO:Al (99.999% purity) target containing 2 wt% Al 2 O 3 was used. The chamber was evacuated to a base pressure of <1 × 10 −6 Torr. The process pressure was 5 mTorr in Ar environment and the RF sputtering power was 100 W. To obtain good uniformity, the substrate was rotated with 20 rpm during the sputtering. The samples were prepared with an AZO thickness of ∼600 nm. For the fabrication of SWG structures, AZ5206 photoresist (PR) was spin-coated on AZO/Si and AZO/glass substrates. The dilution ratio and rotation speed were adjusted to optimize the PR thickness. After prebaking on a hot plate at 90 • C for 90 s, the coated PR was exposed twice by using a two-beam interference method with a 363.8 nm line of Ar ion laser to define two-dimensional periodic PR patterns. For a hexagonal pattern, the sample was rotated by 60 • between exposures. After developing, the PR patterns were transferred onto AZO surfaces using a dry etching for SWG structures. The underlying AZO was etched by using CH 4 /H 2 /Ar (1:2:1) reactive ion etching (RIE). The overall etching of PR patterned structure leads to extremely fast etching at the rim and slower etching at the center, producing a tapered profile grating. The etched pro- file and etch depth of the fabricated SWG structures were observed by using a scanning electron microscope (SEM). The specular reflectance and transmittance were measured by using a UV-VIS-NIR spectrophotometer.
Results and discussion
Antireflective characteristics strongly depend on the surface structure of AZO films. Thus, the etch selectivity and etch rate of AZO play an important role in achieving the efficient antireflection structure. Figure 2 shows the etch selectivity of AZO over PR and the etch rate of AZO for nano-sized patterns as a function of RF power in CH 4 /H 2 /Ar plasma. The etch rate and etch selectivity were strongly dependant on the RF power. The etch selectivity of AZO to PR is very low (i.e., ∼0.2) at 50 W due to the low etch rate. The etch selectivity was increased with increasing RF power, but it was decreased at above 150 W. When the RF power is too high, it significantly enhances the erosion of PR mask pattern, leading to the reduction in etch selectivity. The etch selectivity of ∼1 was obtained at 150 W. The etch rate of AZO increased from 8.7 nm/min at 50 W to 85 nm/min at 200 W due to the increase in the number of active particles and in the ion energy flux as the RF power increased. Therefore, the etch depth can be controlled effectively by the PR thickness and etch selectivity.
Figure 3(a) shows the SEM images of the PR patterns (upper) and the etched SWG structures (lower) on AZO/Si substrates for the develop times of (i) 4 s, (ii) 6 s, and (iii) 8 s. The RF power of 150 W was chosen as an optimum as shown in Fig. 2 and the process pressure was 100 mTorr in CH 4 /H 2 /Ar plasma. The PR thickness was about 150 nm and the etching time was set to 4 min at room temperature. The power of the Ar laser was fixed at 100 mW with an optimized exposure time of 21 s for the pattern period of 300 nm.
